Introduction {#s1}
============

Human cardiac valves open and close over 100,000 times a day ensuring directional flow of blood in the heart \[[@B1]\]. The cyclic movement and mechanical stress of valves require that the tissue has the capacity to repair damage that may occur during normal function. This remodeling is thought to be mediated by the main cell population found in the valve, valvular interstitial cells (VICs), since these cells have reversible and dynamic phenotypes and build the matrix structure in prenatal and postnatal valves \[[@B2]--[@B4]\]. VICs play critical functions in maintaining valve homeostasis through secreting not only extracellular matrix components (e.g., collagen and fibronectin), but also matrix remodeling enzymes, such as matrix metalloproteases (MMPs) \[[@B5],[@B6]\]. Normal aortic valves are comprised of three distinct matrix layers, rich in elastin, proteoglycan and collagen, implying that VICs residing in these tissue sub-domains may have different fates or phenotypes \[[@B7]\]. In response to valvular diseases such as myxomatous valves, VICs have been shown to be activated to myofibroblasts, which produce excessive levels of collagen and MMPs \[[@B8]\]. In valve calcification, cells residing in the leaflets have been shown to adopt an osteoblast-like phenotype and actively mediate calcification of the valves \[[@B9],[@B10]\]. Collectively, these data suggest that cellular fates and functions of VICs play critical roles in determining whether heart valves are in a healthy or a diseased state.

Despite the causal relationship between VICs and valve function, it is less clear how heterogeneous the cellular composition of valves is and how different subpopulations of VICs might differentially regulate valve homeostasis or disease progression. Latif et al. \[[@B9]\] reported that VICs from healthy human valves (hVICs) express the fibroblast markers fibroblast surface antigen (FSA) and vimentin, but that only a small fraction of hVICs express the human mesenchymal stem cell (hMSC) marker CD105 or the smooth muscle cell markers desmin and smooth muscle myosin based on immunocytochemistry. Bovine VICs (bVICs) have been shown to express integrin β1 (or CD29) and type A nonmuscle myosin, but not the hematopoietic marker CD45 nor the endothelial/epithelial marker von Willebrand Factor (vWF) \[[@B11]\]. Further, several pieces of evidence suggest that there are progenitor cells in VICs. First, isolated porcine VICs (pVICs) cultured *in vitro* have been shown to differentiate into three distinct lineages: osteoblasts, adipocytes and chondrocytes given appropriate chemical cues \[[@B12]\]. Second, \~0.5% of pVICs have the side population stem cell property of excluding the Hoechst 33342 DNA dye and to differentiate into myofibroblasts when cultured in high serum media \[[@B13]\]. Additionally, c-Kit^+^ progenitor cells have been observed in hVICs \[[@B14]\], and bone marrow-derived stem cells migrate to human and mouse cardiac valves and differentiate into fibroblast-like cells \[[@B15],[@B16]\]. Therefore, VICs are heterogeneous, composed primarily of fibroblasts and small percentages of myofibroblasts, smooth muscle cells and progenitor cells \[[@B10]\]. Together, these cells must coordinately regulate valvular functions.

Since healthy human cardiac valves are of limited availability and porcine cardiac valves mimic human cardiac valves closely in structure and have been utilized as a surrogate tissue for human valve replacement, we sought to better characterize pVICs from porcine valve leaflets. To define the different subpopulations of pVICs in a quantitative manner, we utilized fluorescence activated cell sorting (FACS) to characterize cell surface protein expression and to sort specific pVIC subpopulations based on those markers to study their cellular functions. A collection of cell surface protein markers ([Table 1)](#tab1){ref-type="table"} was used to quantify the percentage of different subpopulations in porcine aortic and pulmonary VICs. These candidate markers were selected to serve as negative or positive selection markers based on their relevance to fibroblast biology. For example, CD31 primarily marks endothelial cells \[[@B17]\] and is not expected to be present on pVICs. OB-cadherin (OB--CDH) is a type of cadherin commonly expressed in mesenchymal cells, and expression of OB--CDH is significantly elevated during myofibroblast activation in skin granulation tissue \[[@B18]\]. We hypothesized that OB--CDH labels resident myofibroblasts in valves. Furthermore, to address the question of whether there exist progenitor cells in the VIC population, we also examined a number of progenitor cell markers identified for other tissues, including a side population progenitor cell marker, ABCG2 (ATP-binding cassette, sub-family G, member 2) \[[@B19]\], a pericyte marker, NG2 (or chondroitin sulfate proteoglycan 4) \[[@B20]\], and an embryonic and mesenchymal stem cell marker, SSEA4 (stage-specific embryonic antigen 4) \[[@B21],[@B22]\]. The FACS-based method not only enables us to identify and quantify various pVIC subpopulations, but also makes it possible to reproducibly isolate desired subpopulations to study their molecular functions *in vitro*. Understanding the functions of distinct VIC subpopulations in aortic valves may help direct new therapeutic treatments targeting potentially pathogenic subpopulations. Additionally, this technique may also allow isolation and transplantation of potential progenitor cells into diseased valves as a treatment.

###### Cell Surface Protein Markers.

  **Marker Name**   **Cell type(s) marked**             **References**
  ----------------- ----------------------------------- -------------------
  CD31              Endothelial cells                   \[[@B17]\]
  OB--CDH           Myofibroblasts, Mesenchymal cells   \[[@B18]\]
  ABCG2             Side population progenitor cells    \[[@B19],[@B51]\]
  NG2               Pericytes, Progenitor cells         \[[@B20],[@B39]\]
  SSEA4             Human embryonic stem cells, hMSCs   \[[@B21],[@B22]\]

Materials and Methods {#s2}
=====================

2.1: Cell Isolation and Culture {#s2.1}
-------------------------------

Porcine hearts were obtained from Hormel Foods Corporation (Austin, MN, USA) within 24 hours of sacrifice. Primary pVICs were harvested from porcine aortic or pulmonary valve leaflets based on a sequential collagenase digestion as described previously \[[@B23]\]. Specifically, the aortic or the pulmonary valves were excised from the pig hearts and put into wash buffer comprised of Earle's Balanced Salt solution (Sigma, Cat\# E2888), 50U/ml penicillin, 50µg/ml streptomycin, and 0.5µg/ml fungizone. After the wash, the leaflets were incubated in 250U/ml Collagenase Type II solution (Worthington Biochemical Corporation, Cat\# LS004176, prepared in the wash buffer) for 30min at 37°C. The samples were then vortexed at a maximum speed for 30 seconds to remove endothelial cells. The leaflets were washed one time and then subjected to a second round of digestion with the Collagenase Type II solution for 1 hour and vortexed for 2 minutes to collect pVICs. The isolated pVICs were sorted and grown in growth media \[advanced DMEM/F12 (1:1) (Life technologies, Cat\# 12634010) or Medium 199 (Life technologies, Cat\# 11150067) with 15% Fetal Bovine Serum (FBS), 50U/ml penicillin, 50µg/ml streptomycin, and 0.5µg/ml fungizone\]. Media was refreshed every 2-3 days. To characterize the cell recovery ([Figure S1](#pone.0069667.s001){ref-type="supplementary-material"}), the leftover tissue from the second collagenase digestion was subjected to another collagenase digestion for 20 hours at 37°C, which completely digested the tissue. The total cell number was then counted at each digestion step to quantify the percentage of pVICs released.

2.2: Flow Cytometry {#s2.2}
-------------------

Freshly isolated aortic or pulmonary pVICs were strained through 100µm sieves twice and washed with cold PBS once. The cells were subsequently stained with selected primary antibodies raised against ABCG2 (R&D Systems, Cat \# FAB995P), CD31 (AbD Serotec, Cat\# MCA1746APC), OB--CDH (clone 15F7 \[[@B24]\], a generous gift from Dr. Micheal Brenner's group at the Brigham and Women's Hospital) and SSEA4 (R&D Systems, Cat\# FAB1435P) for 1 hour at 4°C. Samples were washed once with cold PBS after staining. 0.1ng/μl DAPI was added to all samples to distinguish dead cells during flow cytometry. The percentage of cells expressing these cell surface markers was quantified on a CyAN ADP flow cytometer (Dako); over 10,000 events were collected for each sample and 3 or more biological replicates were profiled for each marker or co-staining. Cells were subsequently sorted based on positive or negative staining for ABCG2, gated with low DAPI staining (live cells) through fluorescence activated cell sorting (FACS) on a MoFlo high-speed cell sorter (Dako).

2.3: Cryosection of valve leaflets {#s2.3}
----------------------------------

After isolation, pulmonary or aortic valve leaflets were placed in cryomolds with O.C.T. medium (Tissue-Tek) to be frozen. Freezing was performed by placing the mold in isopentane that was cooled by liquid nitrogen. After solidification, cryomolds were removed from the isopentane, dried with Kimwipes, and stored at -80^°^C until cryosectioning. Frozen blocks were cryosectioned using a Cryostat (Leica) at -21^°^C. For each sample block, 15-µm longitudinal cross-sections of valves were collected on SuperFrost Plus Gold slides (Fisher Scientific). The slides were stored at -20^°^C until immunohistochemistry.

2.4: Immunohistochemistry {#s2.4}
-------------------------

After cryosectioning, sections were ﬁxed in 10% formalin for 20 min at room temperature. Sections were analyzed by anti-CD31 (Genway 1:100), anti-NG2 (Chemicon, 1:200), anti-OB--CDH (15F7 clone, 1:100), and anti-SSEA-4 (R&D systems, 1:10). Sections were digested using Collagenase II (Worthington) at 250 U/ml at 37^°^C for 15 minutes to expose the antigens. For anti-NG2 staining, boiled Retrievagen (BD Pharmigen, pH 6) was applied for 30 min at 60^°^C. After primary antibody incubation and washes, sections were subsequently probed with AlexaFluor 488 or 594-conjugated secondary antibodies and counterstained with Prolong Gold with DAPI (Life Sciences) for cell nuclei. A laser scanning confocal microscope (Zeiss, LSM710) was used to acquire images with a 20X water objective using the same settings and post-processing for all images. Negative controls were performed on sections that received no primary antibody treatment, showing no positive staining.

2.5: Osteogenic Differentiation {#s2.5}
-------------------------------

Sorted cells were expanded in growth media for \~2 weeks before re-seeding at \~300,000 cells/cm^2^ for differentiation. As a control, cells were cultured in control medium \[High glucose DMEM (Life Technologies, Cat\# 11965-092) supplemented with 10% FBS, 50U/ml penicillin, 50µg/ml streptomycin, and 0.5µg/ml fungizone\]. For osteogenic differentiation, cells were treated with osteogenic medium \[derived from the control medium supplemented with 100nM dexamethasone (Sigma, Cat\# D1756), 50 μM ascorbic acid 2-phosphate (Sigma, Cat\# 49752), and 20mM β-glycerophosphate (Sigma, Cat\# G9891)\] for 8 days. Media was changed every 2-3 days.

2.6: Calcium Deposition Assay {#s2.6}
-----------------------------

Calcium deposition was assayed using a Calcium Reagent Set (Pointe Scientific Inc), as described previously \[[@B25]\]. Briefly, the matrix deposited by cells cultured in osteogenic media was solubilized with 0.6N HCl overnight at 4°C. The supernatant was collected and diluted appropriately before mixing with the calcium reagent solution at 1:1. Absorbance was measured at 560nm. The relative calcium deposition was calculated by normalizing to the ABCG2^-^ cells under the osteogenic condition at day 8.

2.7: Statistics {#s2.7}
---------------

One-way ANOVA was used to compare data sets and a *p* value less than 0.05 was considered statistically significant.

Results {#s3}
=======

3.1: Freshly isolated aortic pVICs express distinct cell surface markers {#s3.1}
------------------------------------------------------------------------

pVICs, the main cell population in porcine cardiac valves, play an important role in mediating tissue homeostasis and repair. However, it is still not clear how many different subpopulations are present in VICs and whether or not these different populations have distinct molecular and cellular functions. To better define the heterogeneity of pVICs, primary pVICs were isolated from porcine aortic valves by a collagenase digestion, which releases close to 80% of pVICs from the tissue ([Figure S1](#pone.0069667.s001){ref-type="supplementary-material"}). The primary cells were subsequently stained with antibodies recognizing endothelial cells (CD31), certain mesenchymal cells (OB--CDH), or some progenitor cells (ABCG2, NG2 and SSEA-4). As shown in [Figure 1](#pone-0069667-g001){ref-type="fig"}, less than 10% of aortic pVICs express CD31, OB--CDH, ABCG2, NG2 and SSEA-4. Quantification of the cell marker expression is summarized in [Table 2](#tab2){ref-type="table"} for pVICs isolated from both aortic and pulmonary valves.

![Freshly isolated aortic pVICs express distinct cell surface markers.\
Freshly isolated aortic pVICs were stained with antibodies for CD31, OB--CDH, ABCG2, NG2, SSEA-4, and the corresponding control antibodies. Staining was quantified by flow cytometry. In the figure, the y-axis is fluorescence intensity and the x-axis is forward scattering. Percentage in the rectangular gates represents the fraction of positively stained cells. After subtracting the background, about 7.70% of these aortic pVICs stained positive for CD31, 4.71% stained positive for OB--CDH, 5.60% stained positive for ABCG2, 5.56% stained positive for NG2, and 6.59% stained positive for SSEA-4.](pone.0069667.g001){#pone-0069667-g001}

###### Unique cell subpopulations identified based on cell surface markers are present in both aortic and pulmonary valves.

  **Cell surface marker**   **Aortic pVICs**      **Pulmonary pVICs**
  ------------------------- --------------------- ------------------------
  CD31                      8.24 [+]{.ul} 0.13%   7.38 [+]{.ul} 0.61%
  OB--CDH                   5.07 [+]{.ul} 0.93%   5.66 [+]{.ul} 1.46%
  ABCG2                     5.52 [+]{.ul} 0.90%   5.97 [+]{.ul} 1.15%
  NG2                       5.26 [+]{.ul} 0.49%   4.50 [+]{.ul} 0.63%
  SSEA4                     6.93[+]{.ul} 0.89%    14.42 [+]{.ul} 0.41%\*

The percent of pVICs expressing specific cell surface markers was quantified by flow cytometry. Data are presented as the average percentage [+]{.ul} standard error. \* indicates significant difference between aortic and pulmonary pVICs (p\<0.05).

3.2: Aortic and pulmonary pVICs express similar levels of the cell surface markers examined {#s3.2}
-------------------------------------------------------------------------------------------

To compare cellular composition of pVICs isolated from different types of cardiac valves, we characterized pVICs isolated from both aortic and pulmonary valves by flow cytometry based on the cell surface markers listed in [Table 1](#tab1){ref-type="table"}. We found that pVICs expressed similar levels of most of the cell surface markers independent of the valve type. As presented in [Table 2](#tab2){ref-type="table"}, 8.24 [+]{.ul} 0.13% of aortic pVICs and 7.38 [+]{.ul} 0.61% of pulmonary pVICs express CD31, which are probably derived from valvular endothelial cells during isolation. In addition, 5.07 [+]{.ul} 0.93% of aortic pVICs and 5.66 [+]{.ul} 1.46% of pulmonary pVICs express OB--CDH. We also examined three markers associated with progenitor cells (ABCG2, NG2 and SSEA-4), and found that pVICs from both types of valves expressed similar levels of ABCG2 (5.52 [+]{.ul} 0.90% for aortic pVICs and 5.97 [+]{.ul} 1.15% for pulmonary pVICs) and NG2 (5.26 [+]{.ul} 0.49% for aortic pVICs and 4.50 [+]{.ul} 0.63% for pulmonary pVICs). However, significantly more pVICs from pulmonary valves expressed SSEA-4(14.42 [+]{.ul} 0.41%) than those from aortic valves (6.93[+]{.ul} 0.89%). While these data provide quantification of different subpopulations based on the presence of single protein markers, it is not clear whether these different subpopulations are distinct, or whether they are from the valvular endothelium.

3.3: OB--CDH, NG2 and SSEA-4 define distinct valvular subpopulations, while NG2 and ABCG2 are co-expressed by the same cell subpopulation {#s3.3}
-----------------------------------------------------------------------------------------------------------------------------------------

To examine whether these different cell surface markers are co-expressed, we carried out double staining for pairs of cell surface markers. We found that OB--CDH^+^ pVICs did not express SSEA-4 or NG2 ([Figure 2A and 2B)](#pone-0069667-g002){ref-type="fig"}. In addition, NG2^+^ pVICs were negative for SSEA-4 ([Figure 2C)](#pone-0069667-g002){ref-type="fig"}. All the data support that these three protein markers (OB--CDH, NG2 and SSEA-4) label distinct pVIC subpopulations relative to each other. However, ABCG2 and NG2 were co-expressed by the same cell subpopulation ([Figure 2D)](#pone-0069667-g002){ref-type="fig"}.

![OB--CDH, NG2 and SEA-4 define distinct valvular subpopulations, but NG2 and ABCG2 are co-expressed by the same cell subpopulation.\
To examine co-expression of these different markers, freshly isolated pVICs were co-stained with pairwise combinations of the markers OB--CDH, NG2 and SSEA-4, or with ABCG2 and NG2. Both the x-axes and the y-axes are fluorescence intensity of the antibody staining. (A) OB--CDH was not co-expressed with SSEA-4 in the same cell population. (B) OB--CDH was not co-expressed with NG2 in the same cell population. (C) SSEA-4 was not co-expressed with NG2 in the same cell population. These data support that these markers (OB--CDH, NG2 and SSEA-4) label distinct subpopulations relative to each other in pVICs. (D) However, NG2 and ABCG2 were co-expression by the same cell subpopulation in aortic valves.](pone.0069667.g002){#pone-0069667-g002}

3.4: SSEA-4 staining does not overlap with CD31, whereas OB--CDH or ABCG2 staining partially overlaps with CD31 {#s3.4}
---------------------------------------------------------------------------------------------------------------

We then asked whether these valvular cell subpopulations were derived from pVICs or endothelial cells. As shown in [Figure 3A](#pone-0069667-g003){ref-type="fig"}, SSEA4^+^ cells are mostly negative for CD31, an endothelial cell marker, and are therefore derived from pVICs. However, OB--CDH or ABCG2 staining partially overlaps with CD31 expression, suggesting that these cells are from both pVICs and endothelial cells.

![SSEA-4 staining does not overlap with CD31, whereas OB--CDH or ABCG2 staining partially overlaps with CD31.\
To examine the origin of these cell subpopulations, aortic pVICs were double stained with CD31 and one of the following markers: SSEA-4, OB--CDH or ABCG2. CD31 is expressed by porcine valvular endothelial cells but not by pVICs. From (A), SSEA4 and CD31 labeled distinct cell subpopulations. However, OB--CDH^+^ or ABCG2^+^ cells showed heterogeneous CD31 staining. About 52% of OB--CDH^+^ cells were CD31^-^ and \~61% of ABCG2^+^ cells were CD31^-^, indicating that a majority of these cells are from pVICs rather than endothelium.](pone.0069667.g003){#pone-0069667-g003}

3.5: Localization of certain pVIC subpopulations in native porcine valves {#s3.5}
-------------------------------------------------------------------------

To examine the relative localization of valvular cells expressing different markers in valve leaflets, we stained aortic valve sections with the following markers: CD31, NG2, OB--CDH and SSEA-4. The image in [Figure 4A](#pone-0069667-g004){ref-type="fig"} is a negative control (NC) stained with the secondary antibody only. As expected, CD31 labeled endothelial cells around the valve section and sometimes labeled more than one layer of cells (green, [Figure 4B)](#pone-0069667-g004){ref-type="fig"}. NG2 was found to label some cells along the edge of the valve (green, [Figure 4C)](#pone-0069667-g004){ref-type="fig"}. OB--CDH stained a few clusters of pVICs close to the ventricularis (green, [Figure 4D)](#pone-0069667-g004){ref-type="fig"}. However, SSEA-4 labeled pVICs residing near the middle of valves (red, [Figure 4E)](#pone-0069667-g004){ref-type="fig"}.

![Localization of certain pVIC subpopulations in native porcine valves.\
Immunostaining of multiple VIC subpopulation markers was carried out on aortic valve sections. v: ventricularis side. f: fibrosa side. (A) Negative control (NC) which has been incubated with secondary antibody only and serves as a control for panels B--D. (B) CD31 staining (green) localized to the valve surfaces. Interestingly, some surface regions had multiple layers of CD31^+^ endothelial cells. (C) NG2 staining (green) was found at the edge of the valves. (D) OB--CDH stained clusters of pVICs on the ventricularis side of the aortic valves (green, arrows). (E) Compared with control, SSEA-4 staining (red) was primarily in the middle of the valves.](pone.0069667.g004){#pone-0069667-g004}

3.6: ABCG2^+^ valvular cells deposit more calcified matrix than ABCG2^-^ cells in osteogenic culture conditions {#s3.6}
---------------------------------------------------------------------------------------------------------------

In order to study *in vitro* the molecular functions of cells expressing the SP stem cell marker ABCG2, we sorted similar numbers of ABCG2^+^ and ABCG2^-^ valvular cells by FACS. A majority of ABCG2^+^ and ABCG2^-^ cells showed a fibroblastic morphology in culture. We assessed the osteogenic differentiation potential of the sorted cells based on established chemical induction protocols \[[@B26]\]. As shown in [Figure 5A](#pone-0069667-g005){ref-type="fig"}, ABCG2^+^ progeny produced a larger area of mineralized matrix (dark spots) than ABCG2^-^ progeny in osteogenic culture conditions. The amount of calcium in the matrix secreted by the cells was quantified ([Figure 5B)](#pone-0069667-g005){ref-type="fig"}, and ABCG2^+^ progeny deposited more calcium than ABCG2^-^ progeny after 8 days of culture in osteogenic media.

![ABCG2^+^ valvular cells deposit more calcified matrix than ABCG2^-^ cells in osteogenic conditions.\
Sorted ABCG2^+^ and ABCG2^-^ valvular cells were grown to confluence and re-plated in osteogenic media for 8 days. (A) Brightfield images of cells cultured in control conditions or osteogenic conditions were taken at day 8. ABCG2^+^ progeny secreted more dark mineralization spots than ABCG2^-^ progeny on plastic plates. Scale bar: 100 µm. (B) Calcium deposition by the cells was quantified as described in the Materials and Methods. Data was represented as mean [+]{.ul} standard error. Compared with ABCG2^-^ progeny, ABCG2^+^ progeny produced higher amounts of calcium composites at day 8 (\* indicates p\<0.05 in between the groups).](pone.0069667.g005){#pone-0069667-g005}

Discussion {#s4}
==========

For many years, VICs have been primarily defined based on their location in valve leaflets, and researchers have isolated VICs and studied this collective cell population. In this study, we aim to better define the VIC population by characterizing its diversity based on the expression of five selected cell surface proteins ([Table 1)](#tab1){ref-type="table"}. Our results show that small fractions of freshly isolated pVICs are positive for: i) OB--CDH, a mesenchymal / myofibroblastic marker, ii) NG2, a pericyte progenitor marker, iii) SSEA-4, a stem cell marker, or iv) ABCG2, a SP stem cell marker. SSEA-4^+^ cells are mostly negative for CD31; however, OB--CDH or ABCG2 expression partially overlaps with CD31 expression. Intriguingly, \~5% of pVICs express both ABCG2 and NG2, two progenitor cell markers. About 60% of these cells come from pVICs, whereas the rest are derived from CD31^+^ valvular endothelial cells. As one of the main valvular diseases, calcific aortic stenosis, has been associated with an osteoblast phenotype of resident VICs \[[@B9]\], we sought to characterize the osteogenic potential of the ABCG2 subpopulations. After 8 days of culture under osteogenic conditions, the ABCG2^+^ cells deposited a more mineralized matrix than the ABCG2^-^ cells, as measured by calcium deposition. These results support the notion that ABCG2^+^ valvular cells may participate in the progression of valve calcification. The cell sorting-based method presented here may be useful in isolating, characterizing, and identifying cellular determinants in valvular diseases.

When pVICs are isolated from their native matrix and cultured on plastic plates, a majority of them adopt a similar fibroblastic morphology. However, differences at the molecular level cannot be easily distinguished based on morphology, and there is a growing appreciation of the diverse and plastic phenotypes of VICs \[[@B10]\]. For example, pVICs cultured on plastic plates are a heterogeneous population with both fibroblasts and myofibroblasts. Specific protein markers expressed by the cells, which can be recognized by their corresponding antibodies, have served as a useful tool to differentiate and to select specific cell types or cell subpopulations for further study. CD31, or platelet endothelial cell adhesion molecule 1 (PECAM-1), has been established as an endothelial cell marker and can be used to identify endothelial cells lining the valve \[[@B17],[@B27],[@B28]\]. As shown in [Figure 1](#pone-0069667-g001){ref-type="fig"}, \~8% of freshly isolated aortic pVICs express CD31, which is likely due to contamination with a small number of valvular endothelial cells during pVIC isolation. In traditional pVIC isolation, a sequential collagenase digestion is performed, where the first collagenase treatment is used to remove endothelial cells. However, based on our staining of CD31 on valve tissue sections ([Figure 4B)](#pone-0069667-g004){ref-type="fig"}, CD31 primarily labels valvular endothelial cells located around the edges of valve sections, but sometimes there are multiple layers of CD31^+^ cells on valve surfaces. This could explain why the initial collagenase digestion might not have removed the endothelial layer completely from the valves. Consistent with immunocytochemistry data from Rattazi et al. \[[@B11]\], our flow cytometry and immunohistochemistry data ([Figures 1](#pone-0069667-g001){ref-type="fig"} and [4B)](#pone-0069667-g004){ref-type="fig"} show that a majority of pVICs in the leaflets do not express this endothelial lineage marker (CD31), supporting the mesenchymal origin of these cells.

As aortic valves and pulmonary valves are surgically more accessible than the other two types of cardiac valves (mitral and tricuspid valves), we compared pVICs isolated from aortic and pulmonary valves and showed that they had similar expression of many cell surface markers ([Table 2)](#tab2){ref-type="table"}. For example, similar percentages of pVICs from either aortic or pulmonary valves expressed CD31, OB--CDH, ABCG2, NG2, or SSEA-4 ([Table 2)](#tab2){ref-type="table"}. This result suggests that pVICs from aortic and pulmonary valves have a similar cellular composition based on these markers. We further evaluated the efficiency of the collagenase digestion and found that around 78.3 ± 7.9% of pVICs are released from the valves during the second collagenase digestion ([Figure S1](#pone.0069667.s001){ref-type="supplementary-material"}). This result suggests that we are characterizing the majority of the pVIC population from the valves. Meanwhile, the VIC isolation protocol used in this study has been widely accepted in the valve biology field to minimize cell death and cleavage of cell surface proteins induced by long-term collagenase treatment. Our analysis provides relevant quantification for the majority of pVICs, which are often used for *in vitro* cell culture studies.

Interestingly, 5-6% of pVICs from either the pulmonary or the aortic valve express OB--CDH ([Table 2)](#tab2){ref-type="table"}. OB--CDH expression has been associated with a pathogenic myofibroblast phenotype. During skin wound healing, resident fibroblasts are activated to myofibroblasts, which is accompanied by increased expression of OB--CDH and decreased expression of N-cadherin (N--CDH) \[[@B18]\]. The OB--CDH bonds can resist two fold higher forces than N--CDH junctions in fibrogenic fibroblasts, indicating that these cells increase their adhesion to surrounding cells during fibrogenesis \[[@B29]\]. Additionally, staining on porcine valve sections shows that clusters of OB--CDH^+^ pVICs localize to the ventricularis side of valves ([Figure 4D)](#pone-0069667-g004){ref-type="fig"}, which mimics staining of another myofibroblast marker, α-smooth muscle actin. The OB--CDH^+^ pVICs may very well be resident myofibroblasts in porcine cardiac valves. As numerous research groups have sought to characterize the myofibroblast properties of pVICs in both valvular regeneration and pathogenesis \[[@B3],[@B8],[@B13],[@B30]--[@B32]\], sorting and characterization of this OB--CDH^+^ subpopulation, especially as related to their functions in tissue remodeling and matrix deposition, warrant further investigation. OB--CDH has also been shown to be expressed by osteoblasts and directly regulates osteogenic differentiation \[[@B33]--[@B35]\], so its role in relation to the osteoblast phenotype of VICs during valve calcification could be studied further. It is unexpected that OB--CDH also labels some valvular endothelial cells (CD31^+^) based on flow cytometry ([Figure 3B)](#pone-0069667-g003){ref-type="fig"} because OB--CDH is mostly expressed by mesenchymal cells during development \[[@B36]\]. However, previous literature has not shown that endothelial cells do not express OB--CDH, and OB--CDH^+^ pVICs might be specifically sorted based on CD31^-^ cells in order to study their specific functions.

We have also defined several pVIC subpopulations expressing progenitor cell markers, including ABCG2 (5-6%), NG2 (\~5%) and SSEA4 (7-14%), in both aortic and pulmonary valves ([Table 2)](#tab2){ref-type="table"}. Interestingly, significantly more SSEA-4^+^ pVICs are identified in pulmonary valves than in aortic valves ([Table 2)](#tab2){ref-type="table"}. SSEA-4 is a marker for embryonic stem cells and hMSCs \[[@B21],[@B22]\] and may mark specific progenitor subpopulations in the valve. Latif et al. found that \<10% of hVICs expressed the hMSC maker CD105 based on immunocytochemistry \[[@B5]\]. Consistently, we have observed that 7-14% of pVICs express a different hMSC marker, SSEA-4, based on flow cytometry. It will be worthwhile to sort these pVICs and study their similarities to MSCs, especially their potential fate during valvular repair and disease progression. Additionally, the different levels of SSEA-4 expression in pulmonary valves vs. aortic valves could be related to the structural differences of these valves and their regenerative capacity in response to mechanical insults or diseases. With further characterization, we have found that these SSEA-4^+^ cells are almost exclusively derived from pVICs, since they are negative for CD31 staining ([Figure 3A)](#pone-0069667-g003){ref-type="fig"}. Our immunostaining data on aortic valve sections is consistent with this in showing that SSEA-4 staining is localized to the middle of the leaflets. In summary, SSEA-4 marks potential MSC-like progenitor cells residing in the middle of porcine aortic valves.

We then examined co-expression of these different markers on pVICs and found that OB--CDH, NG2 and SSEA-4 labeled distinct cell subpopulations relative to each other, whereas ABCG2 and NG2 were co-expressed by the same cell subpopulation ([Figure 2)](#pone-0069667-g002){ref-type="fig"}. ABCG2 is a well established marker for side population (SP) stem cells \[[@B19],[@B37]\]. SP stem cells or progenitor cells are present in multiple tissues, including bone marrow, heart, skeletal muscle, liver, and mammary glands, where they can mediate tissue homeostasis and repair \[[@B19]\]. These cells are characterized by the efflux of the DNA dye Hoechst 33342, which is mainly determined by the expression of ABCG2, a multidrug resistance protein \[[@B19]\]. These SP cells have the stem cell properties of self-renewal, proliferation, and differentiation into the relevant lineages in the tissues where they reside. Recently, it has been shown that ABCG2 is not just a cell surface transporter on SP stem cells but also regulates the G1-to-S phase transition and determines symmetric vs. asymmetric division of cardiac SP progenitor cells \[[@B38]\]. Pho et al. have shown that \~0.5% of aortic pVICs have the SP cell property of dye efflux and can differentiate into myofibroblasts in response to serum treatment \[[@B13]\]. Consistently, we observe that pVICs from both aortic and pulmonary valves express the SP cell marker, ABCG2, but at a much higher percentage of \~5% ([Table 2)](#tab2){ref-type="table"}. This difference in percentage could be due to the different methods utilized (i.e., a dye efflux assay in the Pho et al. paper and the antibody staining in this study). The ABCG2^+^ cells are mostly positive for NG2, and NG2 is a cell-surface proteoglycan highly expressed by mural cells or pericytes, a type of progenitor closely associated with microvascular tubes during development \[[@B39]\]. NG2 is also expressed by oligodendrocyte progenitors in the central nervous system \[[@B20]\]. Our data suggest that these ABCG2^+^ cells may be progenitors in the valves and are consistent with the observation that ABCG2^+^ cells in the interstitium of skeletal muscles also express NG2 \[[@B40]\]. In that study, lineage tracing was performed and showed that, upon skeletal muscle injury, the progeny of ABCG2^+^ cells contributed primarily to endothelial cells and minimally to regenerated muscle fibers \[[@B40]\]. It would be worthwhile to carry out lineage tracing experiments in cardiac valves and examine the contribution of ABCG2^+^ cells in valvular development and disease.

The ABCG2^+^ cells were further characterized based on CD31 expression ([Figure 3C)](#pone-0069667-g003){ref-type="fig"}. Interestingly, a majority (\>60%) of the ABCG2^+^ cells are CD31^-^, supporting that these cells are from the interstitial cells of the valves. However, there are cells that express both ABCG2 and CD31, indicating that at least a portion of these cells have an endothelial origin. As ABCG2 and NG2 co-localize in the same cell subpopulation, NG2 staining should reflect ABCG2 staining. When the valve sections were stained with the NG2 antibody (as the ABCG2 antibody did not work for immunohistochemistry), cells along the edge of the valves were stained positive, indicating that NG2 labeled some endothelial or sub-endothelial cells ([Figure 4C)](#pone-0069667-g004){ref-type="fig"}. However, we did not observe NG2 staining in the body of the leaflets. It is possible that the intra-valvular antigen is not exposed properly for the antibodies to bind to, so this result needs to be further confirmed using an ABCG2 antibody that will work for immunohistochemistry. Meanwhile, it has been shown that the endothelium of cardiac valves contains progenitors which not only play a critical role in initial cardiac cushion formation, but also maintain their differentiation potential in adult valves and may contribute to the repair of valvular injuries \[[@B41]--[@B43]\]. Our results indicate that 30-40% of ABCG2^+^ valvular cells express CD31 ([Figure 3C)](#pone-0069667-g003){ref-type="fig"}, and these cell surface markers (ABCG2 and NG2) might be utilized in future research to isolate valvular endothelial subpopulations.

To further characterize the ABCG2^+^ cells, we efficiently sorted these cells and expanded them to a large number for *in vitro* differentiation assays. Expression of osteogenic genes in VIC populations has been observed in diseased valves \[[@B9]\], so osteogenic differentiation presents a relevant cell fate to study in pVICs \[[@B9],[@B11],[@B12]\]. Interestingly, when cultured under osteogenic conditions, ABCG2^+^ progeny produced a larger area of calcium mineralization than ABCG2^-^ progeny by day 8 ([Figure 5B)](#pone-0069667-g005){ref-type="fig"}. In support of the existence of a progenitor cell population in valves, the Simmons group observed that pVICs as a heterogeous population could differentiate into three mesenchymal lineages, including osteoblasts, adipocytes and chondrocytes \[[@B12]\]. Our data is consistent with this work in showing the osteogenic potential of the ABCG2^+^ cells, but also implies that there could be different subpopulations present in pVICs which have different capacities of differentiation. For example, it is observed that ABCG2^+^ and NG2^+^ cells are present on both sides of aortic valves; however, the fibrosa side of the valves is more susceptible to calcification \[[@B44],[@B45]\]. We hypothesize that this may be due to excessive collagen deposition and high stresses that may be present in the fibrosa side of valves, which could lead to more tissue damage and the recruitment of inflammatory cells to this site. In response to pathogenic factors present in the fibrosa, including increased matrix stiffness and chemical factors (such as TGF-β1), local ABCG2^+^ and NG2^+^ cells are more likely to be activated to participate in tissue repair or disease progression. Admittedly, even ABCG2^+^ cells are not a homogeneous population ([Figure 3B)](#pone-0069667-g003){ref-type="fig"}. Additional molecular markers or clonally-derived cell cultures could be used to further define and compare this group of cells. Further, we observe that the ABCG2^+^ cells lose the ABCG2 expression after being cultured on plastic plates ([Figure S2](#pone.0069667.s002){ref-type="supplementary-material"}). This is not too surprising, as progenitor/stem cells are known to undergo spontaneous differentiation upon their non-physiological culture on plastic plates, and stem cell makers are easily lost during the process. However, the progeny of the ABCG2^+^ cells still had higher calcification capacities than the ABCG2^-^ cells, suggesting that progeny of the progenitor-like cells may still maintain different properties than the rest of the population. As progenitor/stem cells require appropriate chemical cues and physical cues for preserving their innate and primitive phenotypes \[[@B46],[@B47]\], in the future, sorted ABCG2^+^ cells might be introduced to extracellular matrix-coated surfaces of defined elasticities, closer to valve tissue in stiffness, to enhance cell survival and maintain a more native-like phenotype \[[@B48]--[@B50]\]. Our study here presents an early effort in dissecting the complexity of cells residing in porcine aortic valves and provides evidence for heterogeneity not only in cellular composition, but also in molecular functions.

In summary, porcine cardiac valves harbor different cell subpopulations which can be defined based on molecular markers. As shown in [Figure 6](#pone-0069667-g006){ref-type="fig"}, cardiac valves are composed of CD31^+^ endothelial cells as an outer layer and mostly fibroblasts, or pVICs, in the body of the leaflets. We have discovered that a subpopulation of pVICs expresses both ABCG2 and NG2, and produce more calcified matrix than the rest of the cells in osteogenic conditions. In addition, there are also OB--CDH^+^ pVICs, which may be resident myofibroblasts, in the valve. A small percentage of pVICs express SSEA-4, a MSC marker, and is postulated to be MSC-like progenitors residing near the middle of the valve. It is worthwhile to study the cellular functions of these cells individually or coordinately to understand the interplay between the different cellular subpopulations and how they mediate valve homeostasis and disease progression in a coordinated fashion.

![Porcine aortic valves are composed of different cell subpopulations.\
Based on previous literature and our flow cytometry data, porcine aortic valves are comprised of layers of endothelial cells and VICs. pVICs are further divided into multiple different subpopulations, including ABCG2^+^ and NG2^+^ pVICs, OB--CDH^+^ pVICs and SSEA-4^+^ pVICs. The functions of these different subpopulations in the diseased valves are speculated based on literature and our experimental data, and these serve as hypotheses to be tested in future.](pone.0069667.g006){#pone-0069667-g006}

Conclusion {#s5}
==========

Given the increasing prevalence of valvular diseases and the role that VICs play in mediating valve repair and disease progression, these cells need to be defined not only based on their location, but also based on molecular markers. In this study, we characterized freshly isolated pVICs based on lineage-associated protein makers (CD31), as well as other important markers either associated with myofibroblast differentiation (e.g., OB--CDH), or related to progenitor subpopulations (e.g., ABCG2, NG2, SSEA4). Flow cytometry results demonstrate that small fractions of pVICs express OB--CDH (\~5%), ABCG2 (\~5%), NG2 (\~5%) or SSEA-4 (7-14%), and that pVICs isolated from either aortic or pulmonary valves express similar levels of these cell surface markers, except SSEA-4. Significantly more pVICs express SSEA-4 in pulmonary valves than in aortic valves. Interestingly, OB--CDH, NG2 and SSEA-4 all label distinct pVIC subpopulations relative to each other; however, ABCG2 and NG2 are co-expressed by the same cell subpopulation.

We have further examined the ABCG2^+^ cells as a model for studying molecular functions of a specified valvular subpopulation. The ABCG2^+^ cells are from both pVICs and endothelial cells, and deposit more calcium than the rest of the population under osteogenic culture conditions, indicating that this population may play a more prominent role in the process of valve calcification. In the future, each specific VIC subpopulation could be sorted based on these markers and studied for their functional properties, which should lead to a better understanding as to how VICs, as a mixed population, maintain valvular homeostasis and participate in tissue repair and pathology.

Supporting Information
======================

###### Efficiency of the Collagenase II digestion.

pVICs were isolated from aortic valves based on a standard method as described in the Materials and Methods. After the second Collagenase II digestion, the leftover tissues were subjected to another 20 hours of digestion and 2 min vortex, which completely dissolved the tissues. Based on the total cell number released at each step, we found that 78.3 ± 7.9% of pVICs were released after the second Collagenase II digestion, and 21.7 ± 7.9% of pVICs were released after complete collagenase digestion.

(TIF)

###### 

Click here for additional data file.

###### Expression of the stem cell marker ABCG2 is lost after plastic plate culture.

We examined whether expression of ABCG2 was maintained during VIC culture on plastic plates. In the figure, the y-axis represents the fluorescence intensity of ABCG2 staining and the x-axis is forward scattering. Gates were set based on the isotype control staining. (A) ABCG2^+^ cells (Gate R1) and ABCG2^-^ cells (Gate R2) were sorted at equal amounts based on positive or negative staining of ABCG2. (B) After \~2 weeks of propagation on plastic plates, sorted ABCG2^+^ valvular cells lost the expression of ABCG2 based on flow cytometry.

(TIF)

###### 

Click here for additional data file.
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